Importance: Fungal keratitis is a rare but sightthreatening ocular infection. The epidemiology varies with geography, in particular climate and demography.
INTRODUCTION
Fungal keratitis is a rare corneal infection; in the United Kingdom, the annual incidence rate has been estimated at 0.32 per million individuals. 1 It is, however, sight-threatening and compared to bacterial and viral keratitis, poor outcomes are more common with fungal keratitis. 2 Surgical therapy is frequently necessary; in one case series, 50% of all cases of microbial keratitis requiring penetrating keratoplasty were due to fungi. 3 While fungal keratitis occurs worldwide, 4 there are wide epidemiological differences principally influenced by climate, use of contact lenses and degree of urbanization, the last being related to the risk of ocular trauma. [5] [6] [7] The highest risk for fungal keratitis occurs in tropical developing countries with significant agricultural economic activity, where fungi may cause up to 50% of microbial keratitides. 8 For example, in the United States fungal keratitis occurs more frequently in tropical Florida (36% of microbial keratitis cases) 9 than in temperate New York (1%), 10 but the frequency is higher still in India (40-50%). [11] [12] [13] [14] In the Australian context, two single-centre retrospective studies of the epidemiology of fungal keratitis in Far North Queensland, 15 which is tropical, as well as Victoria and Tasmania, 16 which are temperate, have been published. In those studies, Fusarium was the commonest causative fungus in Far North Queensland, with Candida predominating in Victoria/Tasmania. These findings are in accordance with previously described variations in causative fungal species with geography. Candida and other yeasts have been found to be the predominant causes in temperate developed countries, whereas filamentous moulds are more common in the tropics. 17 However, no larger-scale epidemiological studies of fungal keratitis have been conducted in Australia. In this paper we describe the epidemiology of fungal keratitis in the state of Queensland, with particular reference to whether there is variation due to climate or rurality (metropolitan vs. rural/regional postcodes). These factors are important as Queensland is a large state covering 1 853 000 km 2 with 46% of its 4.78 million population living in rural/ regional locations, and over half its landmass in the tropics. 18 Public-sector healthcare is provided by 16 Hospital and Health Services (HHS) each servicing a defined area, with the exception of Children's Health Queensland HHS which comprises solely of the quaternary paediatric referral hospital located in the state capital, Brisbane. 18 
METHODS
A state-wide computerized pathology results database (AUSLAB) has been in existence in Queensland since 1996. We searched the database to identify all culture-positive ocular specimens for fungi, for the period 1996 to January 2016. A positive fungal culture from corneal scrapings, aqueous humour, vitreous humour or contact lens was assumed to be indicative of an episode of fungal keratitis. Cultures were reported as positive if, in the judgement of the reporting clinical microbiologist, fungal growth did not represent contamination. Only episodes occurring in Queensland residents, defined as those whose test request form indicated a Queensland address, were included in the analysis.
For each episode, demographic details, date of specimen collection, postcode of residence and causative organism(s), including whether there were positive bacterial cultures and/or herpesvirus polymerase chain reactions (PCR), were collected. Where more than one fungus was isolated for a single episode, the fungi were assumed to be different if both isolates were unable to be identified as belonging to the same genus.
Data 
RESULTS
Two hundred and thirty-seven unique episodes of fungal keratitis were identified, of which 221 were in Queensland residents. The number of affected Queensland residents was 215. Data for age were available for 213 episodes, while data for date of specimen collection was available for 209.
Males (140 patients) outnumbered females (75) by approximately 2:1. The median patient age for all episodes where age data were available was 48 years (interquartile range 25 years), and the modal age range was 25-50 years, accounting for 44% of episodes overall. This age range remained modal irrespective of rurality or climate, although the ratio of males to females was closer to 1:1 in metropolitan Queensland (Table 1) . Episodes were recorded in all HHS except the Central West HHS, a large remote arid region with less than 0.5% of the total Queensland population based on 2014 data ( Fig. 1 ). 18 Two hundred and thirty-two unique fungal organisms were isolated from the 221 episodes. Overall, Fusarium was the most frequent causative organism, being isolated in 33% of episodes. It was the modal causative organism in all sub-groups, but particularly in tropical areas where it was isolated in 44% of episodes. Aspergillus was the second most common organism overall (13%), as well as in metropolitan and sub-tropical Queensland, while in rural/regional areas it was Candida, and in tropical areas, Curvularia. Purpureocillium (formerly Paecilomyces) keratitis was found exclusively in sub-tropical Queensland. The frequencies of causative fungi by rurality and climate are shown in Figure 2 . Data on HHS populations at different time points during the study period were not available, except for the year 2014. 19 Based on 2014 data and assuming similar population growth rates across all HHS, crude cumulative incidence rates of fungal keratitis per 100 000 population for 1996-2016 were estimated (Tables 3 and 4 ). The estimated cumulative incidence rate of fungal keratitis in Queensland overall was 4.7, with higher rates of 5.4 and 7.9 in rural/regional and tropical postcodes.
Poly-microbial fungal keratitis involving either more than one fungus or mixed fungal and bacterial/herpesviral aetiologies was more common in metropolitan than in rural/regional postcodes (31% vs. 21% of episodes, respectively). It was also more common in sub-tropical compared to tropical postcodes (29% vs. 18%, respectively). For the cohort overall, poly-microbial fungal keratitis was found in 26% of episodes, and was predominantly of mixed bacterial/fungal aetiology. This was also the case in all sub-groups (Table 2 ). Only two mixed fungal/ herpesviral episodes were identified, both with herpes simplex virus type 1. These two episodes occurred in rural postcodes, one of which was also tropical.
In tropical Queensland, based on the date of specimen collection 38 out of 57 (67%) episodes occurred in the months of April to November. However, in metropolitan Queensland 48 out of 105 episodes (46%) occurred in the months between March Queensland fungal keratitis epidemiologyand August, while 57 episodes (54%) occurred during the remainder of the year. No clear seasonal trend was apparent in the sub-tropical and rural/ regional sub-groups.
DISCUSSION
Our results highlight a number of interesting observations. Firstly, while the three metropolitan HHS comprise only 5% of the total area of the state, 18 105 of the 221 (48%) episodes of fungal keratitis in the 20-year period 1996-2016 were in metropolitan postcodes. This can be explained by the much higher population density in metropolitan Queensland, which includes the capital, Brisbane. In 2015, Brisbane alone had a population of 2.31 million, or 48% of the total population. 20 However, the cumulative incidence estimates in Table 3 show that the highest incidence rates occur in tropical and rural/ regional postcodes, with the rate in tropical Queensland being almost double that in the sub-tropical part of the state (7.9 vs. 4.1 episodes per 100 000 population) This difference was statistically significant at the 5% level (P < 0.001) ( Table 4 ).
All tropical postcodes were also classed as rural/ regional. This finding is in keeping with previous reports on the epidemiology of fungal keratitis, which showed that rural and tropical regions of the world bear the heaviest burden of disease. [8] [9] [10] [11] [12] [13] [14] There was a statistically significant difference in the proportions of episodes occurring in metropolitan versus rural/regional Queensland (P = 0.029) ( Table 4) . The roughly similar proportions of episodes caused by Candida in tropical and non-tropical regions can be explained by the ubiquity of this organism. 21 Secondly, fungal keratitis occurs most commonly in males under 50 years old. The risk of developing fungal keratitis correlates positively with environmental exposure to fungi. Agricultural workers are at a higher risk given their closer contact with vegetation and soil, which are common fungal habitats, as well as higher airborne fungal spore exposure risk, compared with city-dwellers. The observation that younger male farmers are at higher risk for fungal keratitis has been made by a number of other authors in different countries. 11, 13, [22] [23] [24] [25] [26] Significantly higher numbers of younger males were affected in the tropical and rural/regional areas of Queensland, where agriculture remains an important economic activity. While we did not collect data on occupation, younger males are more likely to be involved in agriculture, as well as other outdoor work. The predominance of Fusarium, which is a geophilic fungus, and Aspergillus, which is found on plant matter, further supports this hypothesis.
A fourth observation is that far fewer cases of Purpureocillium keratitis were reported in tropical compared to sub-tropical Queensland (3 vs. 17 episodes). This is an interesting finding because Purpureocillium is a ubiquitous saprophytic fungus which has been reported to cause disease in temperate, sub-tropical and tropical countries, 27 with immunosuppressed patients most at risk. 28, 29 All three cases in our cohort were in the Cairns and Hinterland HHS in far north Queensland. This region has a tropical savannah/ equatorial climate according to the Köppen classification, while most of the rest of tropical Queensland has a hot grassland climate with a winter drought. 30 A discussion of the ecological niche of Purpureocillium is beyond the scope of this article, but climate may be but one factor influencing the incidence of Purpureocillium keratitis; a study of contact lens-associated Purpureocillium keratitis in south Florida, which has a similar Köppen climate classification to far north Queensland, found 28 cases between 2007 and 2014. 31 One retrospective case series also appears to suggest that Purpureocillium keratitis is more prevalent in sub-tropical Queensland. 32 Lastly, there was a clear seasonal variation in the incidence of fungal keratitis in tropical Queensland. A total of 38 out of 57 episodes (67%) occurred in the months of April to November, corresponding to the hot dry season. Seasonal variation was less apparent in sub-tropical Queensland as approximately half of this region, corresponding to large parts of the Central West and South West HHS, is arid with very low population density while the other half has summer-predominant rainfall, making it difficult to draw valid conclusions for the entire region. 30 The part of sub-tropical Queensland with summer-predominant rainfall encompasses metropolitan Queensland, and is where the majority of the population resides. When metropolitan Queensland alone was considered, 48 out of 105 episodes (46%) occurred in the months between March and August, which correspond to autumn and winter. The approximately equal distribution of episodes between the two halves of the year may reflect enhanced conditions for fungal sporulation due to increased humidity during summer and spring, 11, 33 as well as increased environmental exposure risk during the mild autumn and winter, when more outdoor activity takes place.
Our descriptive epidemiology study of fungal keratitis in Queensland is consistent with previous studies of its kind. The existence of the state-wide pathology results database for the public healthcare sector has been of great assistance in obtaining epidemiological data. There are, however, several limitations of this study. Firstly, patient residential postcodes may not necessarily be the locations of pathogen acquisition. Secondly, HHS boundaries and many postcodes cover large areas, therefore HHS classed as rural/regional may include urban centres and vice versa. Thirdly, our data underestimate the true number of episodes because inclusion of ocular isolates from the two major private pathology laboratories in Queensland was beyond the scope of our review. However, it is likely that the state-wide pathology database contains the vast majority of cases because fungi which are difficult to identify are sent to the public-sector reference laboratory, and the serious nature of fungal keratitis often results in public hospital care, especially if surgical treatment or inpatient stay is required. Also, our study would not have included cases diagnosed with fungal keratitis on clinical grounds, as causative fungi were not always identified. We did not have access to patient medical records, which would also have allowed us to describe risk factors and ascertain final diagnoses at an individual level more fully. Fourthly, data on HHS populations were only available for 2014, which affects the accuracy of our estimated cumulative incidence rates. Fifthly, while we assumed that a positive fungal culture from an ocular specimen is indicative of fungal keratitis, some fungal isolates may reflect colonization rather than infection. Finally, microbiological identification of certain fungi may be difficult as many filamentous moulds are slow-growing, 4, 6 and some fungi such as Purpureocillium are best diagnosed with deep corneal biopsy rather than corneal scrapings. 32 The use of more sensitive molecular diagnostic techniques was not widespread in Queensland during the period under study. Therefore, for example, the incidence of poly-fungal keratitis may have been overestimated, as all 14 episodes classified as solely polyfungal had at least one unidentified fungus, which may have been the same organisms as their identified counterparts.
In conclusion, our study shows that the heaviest burden of fungal keratitis in Queensland occurs in tropical and rural/regional postcodes, with younger males at highest risk and Fusarium being the commonest isolated fungus, followed by Aspergillus. Purpureocillium keratitis is over five times more common in sub-tropical Queensland. No clear seasonal variation was observed, except in tropical regions where the incidence was highest in the hot dry season from April to November, likely reflecting increased environmental exposure to fungal spores. Our results may be applied at the clinical level in formulating empirical therapeutic regimens; for instance, until the microbiological diagnosis and antifungal sensitivities are known, any antifungal regimen should contain an agent active against Fusarium and Aspergillus. They also provide a baseline for ongoing epidemiological study of this potentially serious disease. 
